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a  b  s  t  r  a  c  t
Invasion  in  several  apicomplexan  parasites,  including  Eimeria  tenella,  is accompanied  by
shedding  of  surface  adhesins  by  intramembrane  proteolysis  mediated  by rhomboid  pro-
tease. We  have  previously  identiﬁed  E.  tenella  rhomboid  3  (EtROM3),  but its precise  role
has not  been  elucidated.  In this  study,  the  interactions  between  EtROM3  and  microneme
(MIC)  proteins  were  analyzed  using  the yeast  two hybrid  technique.  The  results  showedKeywords:
Eimeria tenella
Rhomboid
Microneme
that  c-Myc-ROM3  fusion  protein  interacted  with  EtMIC4  protein  in  co-transformed  AH109
yeasts,  which  was  further  conﬁrmed  by  immunoprecipitation  assay.  Smaller  EtMIC4  band
from co-transformed  cells  suggested  that EtROM3  was  an  active  protease  and  involved  in
the cleavage  of EtMIC4.
The  AuInteraction © 2014  
1. Introduction
Eimeria tenella is an apicomplexan parasite which
causes coccidiosis in chickens. Eimeria, Toxoplasma and
other apicomplexans invade host cells by an active pro-
cess mediated by the actomyosin system. As part of the
gliding motor machinery, thrombospondin related anony-
mous protein (TRAP) family is important for the invasion
process. The TRAP proteins had been found in Plasmodium,
Toxoplasma and Eimeria, etc. (Morahan et al., 2009).
Rhomboids are a recently discovered family of widely
distributed intramembrane serine proteases with diverse
biological functions, including the regulation of growth fac-
tor signaling, mitochondrial fusion, and parasite invasion
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(Freeman, 2009). The rhomboid proteases in Toxoplasma
and Plasmodium cleave substrates TRAPs within their trans-
membrane domains and are essential for the invasion
process (Urban, 2006). Two typical TRAP proteins are iden-
tiﬁed in E. tenella:  EtMIC1 and EtMIC4 (Tomley et al., 2001),
which contain the intramembranous cleavage sites and
were predicted to be rhomboid substrates. In prior works,
we have cloned E. tenella rhomboid 3 (EtROM3) cDNA
sequence (GenBank DQ323509), which bears the highest
homology to TgROM3 according to amino acid sequence
comparison (Zheng et al., 2011). The role of EtROM3 in TRAP
protein cleavage and its substrate was  unknown.
In the present study, the yeast two hybrid system
and immunoprecipitation assay were used to explore the
potential interactions between EtROM3 and EtMICs.
2. Materials and methods
Open access under CC BY-NC-ND license.2.1. Yeast two-hybrid screening
Yeast two-hybrid screening was  performed with the
Matchmaker GAL4 two-hybrid system (Clontech) using
-NC-ND license.
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analyzed by Western blot. The lysates of Hela cells trans-
fected with pcDNA-Myc-ROM3 or pcDNA-HA-MIC4 was
used directly in Western blot analysis.
Fig. 2. The interaction of EtROM3 and EtMIC4 proteins by the yeast two-
hybrid assay. (A) The AH109 yeasts containing different plasmids grew
on SD/-Ade/-His/-Leu/-Trp medium. (a) Co-transformed with pGBKT7-53
and pGADT7-T (positive control), (b) co-transformed with pGBKT7-Lam
and pGADT7-T (negative control), (c) co-transformed with pGBKT7-ROM3ig. 1. Evaluation of toxicity and autonomous transactivation of pGBKT7-
egative control) and pCL1 (C, positive control), respectively.
he reporter AH109 (Cheng et al., 2012). To generate
 bait construct with the peptide AC domain with-
ut the signal sequence (Asn27–Cys211) of EtROM3
GenBank DQ323509), the cDNA was ampliﬁed by PCR
sense 5′-CCGGAATTCAACATTTCACTGGACAAGTCG-3′, anti-
ense 5′-CGGGATCCACACGTTACTGCGAACCCGCA–3′) from E.
enella cDNA (Zheng et al., 2011), and inserted into
he EcoRI–BamHI site of pGBKT7. The cDNAs encod-
ng cleavage site VA domain (Val462–Ala675) of EtMIC1
GenBank EU093966) and GG domain (Glu2175–Gln2340)
f EtMIC4 (GenBank AJ306453) were ligated into the
coRI–BamHI site of pGADT7 (EtMIC1-VA: sense 5′-
 GGAATTCGTTGGTGATTGGGAAGACTGGGGGC-3′, antisense
′-CGCGGATCCT GCCCACATCTCTGATTGTTCACC-3′; EtMIC4-
G: sense 5′-CGGAATTCGAAGGC GAGACAGGGAAACCTGG-3′,
ntisense 5′-CGCGGATCCCTACTGGATGTCACCA CTGTCTGCC-
′). The recombinant vector sequences were conﬁrmed
y Sangon Biotech (Shanghai). AH109 yeasts were
ransformed with 1 g of the following plasmids: pGBKT7-
OM3, positive control pCL1, and negative control pGBKT7,
espectively. Co-transformations were performed with
GBKT7-ROM3 and pGADT7-MIC1, pGBKT7-ROM3 and
GADT7-MIC4, pGBKT7-53 and pGADT7-T, pGBKT7-Lam
nd pGADT7-T. Yeast cells from a single transformation
f DNA binding domain constructs were spread on SD/-
eu plates and SD/-Leu/-His plates. All co-transformed
easts were plated on SD/-Trp/-Leu plates and SD plates
acking tryptophan, leucine, histidine HCl monohydrate
nd adenine hemisulfate salt (SD/-Trp/-His/-Leu/-Ade). The
ctivation of transformants was detected by the ﬁlter assay
or -galactosidase activity.
.2. Western blot analysis
For Western blot analysis, positive single colony was
icked from SD/-Trp/-Leu plates, cultured in SD liquid
edium lacking tryptophan and leucine at 30 ◦C with rota-
ion at 250 rpm until OD600 > 1.0. The yeast cells were
elleted and lysed by votexing with glass beads (0.5 mm in
iameter, Sigma) at 4 ◦C in 200 L of cell lysis buffer with
reshly added protease inhibitors. Twenty micrograms of
ach sample was  run on SDS-PAGE and electroblotted onto
rotran nitrocellulose membrane (Whatmann, UK). Anti-c-
yc  monoclonal antibody (1:500) and anti-HA polyclonal
ntibody (1:1000) (Santa Cruz, CA) was used for Western
lot analysis.he AH109 yeasts were transformed with pGBKT7-ROM3 (A), pGBKT7 (B,
2.3. Hela cells culture and transfections
AC domain of EtROM3 was  subcloned into pcDNA3.1-
Myc  and GG domain of EtMIC4 was subcloned into
pcDNA3.1-HA. All constructs were conﬁrmed by DNA
sequencing. Hela cells were cultured in DMEM plus 10% FBS
and glutamine in 6-well plate at a density of 3 × 105/well.
After 24 h, cells were transformed with recombinant
plasmids pcDNA-Myc-ROM3, pcDNA-HA-MIC4, pcDNA-
Myc-ROM3 and pcDNA-HA-MIC4 using Lipofectamine
2000 (Invitrogen) as described (Pascall et al., 2002).
2.4. Co-immunoprecipitation
Forty-eight hours after transfections, Hela cells were
harvested and lysed on ice in lysis buffer for 20 min
(20 mmol/L Tris–HCl (pH 7.4), 150 mmol/L NaCl, 0.5% NP-
40, supplemented with a protease inhibitor cocktail from
Roche). After precleared with agarose protein A (Roche),
the lysate was incubated overnight at 4 ◦C with anti-HA or
anti-myc antibody. Immunoprecipitates were eluted andand pGADT7-MIC1, (d) co-transformed with pGBKT7-ROM3 and pGADT7-
MIC4. (B) -Galactosidase activity of the transformants was  tested using
the ﬁlter assay. The transformant with pGBKT7-ROM3 and pGADT7-MIC4
turned blue. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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 yeasts.
ransformFig. 3. Western blot of EtROM3 and EtMIC4 proteins expression in AH109
(Wb)  with anti-Myc or anti-HA antibodies (Ab). An EtMIC4 band from cot
3. Results
3.1. EtROM3 interacted with EtMIC4 protein by the yeast
two-hybrid assay
The AH109 yeasts transformed with pGBKT7-ROM3
plasmid grew at the same speed as the yeast carrying the
empty vector, suggesting that EtROM3 construct caused
no toxicity. No colony grew on plates without histidine
and adenine, and no blue colony appeared with AH109
Fig. 4. The interaction of EtROM3 and EtMIC4 proteins in HeLa cells by co-immu
Western blot (Wb) with anti-Myc or anti-HA Ab. (B) Co-IP with anti-HA Ab and 
cotransformation is smaller than 16 kDa (black arrow). EtROM3 and EtMIC4 proteins expression were analyzed by Western blot
ation is smaller than 16 kDa (black arrow).
transformed with pGBKT7-ROM3 plasmid after -
galactosidase assay, indicating that EtROM3 did not
transactivate GAL4 reporter gene (Fig. 1). Only co-
transformation of pGBKT7-ROM3 and pGADT7-MIC4 gave
true interacting positive colonies on SD/-Ade/-His/-leu/-
Trp selection plates, which turns blue for -galactosidase
activity (Fig. 2).
The interaction of co-expressed EtROM3 and EtMIC4
protein was  conﬁrmed by Western blot. EtMIC4 protein
band from cotransformation was smaller compared with
noprecipitation. (A) Co-IP with anti-Myc antibody (Ab), and analyzed by
analyzed by Wb with anti-myc or anti-HA Ab. A EtMIC4 band from from
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rotein band from EtMIC4 single transformation, presum-
bly due to the cleavage of EtMIC4 proteins by EtROM3
Fig. 3).
.2. EtROM3 interacted with EtMIC4 protein in
ammalian cells
In Hela cell cotransfection assay, EtMIC4 band appeared
n anti-Myc immunoprecipitates, but not in control pre-
ipitates on Western blot with anti-HA antibody (Fig. 4A).
ubsequent immunoprecipitation with anti-HA antibody
ollowed by Western blot with anti-Myc antibody showed
hat EtROM3 was detected in anti-HA immunoprecipitates.
hese results suggested the interaction of co-expressed
tROM3 and EtMIC4 protein in Hela cells, and EtMIC4 may
e cleaved by co-expressed EtROM3 protease, as evidenced
y a smaller EtMIC4 protein band from the co-expression
ample compared to the EtMIC4 only control protein band
n Fig. 4B.
. Discussion
Rhomboid protease activity is involved in shedding
dhesins from the surface of several apicomplexan para-
ites during motility and host cell entry. As active proteases,
gROM1, TgROM2 and TgROM5 cleaved the TM domain
f Drosophila Spitz. TgROM2 cleaved chimeric proteins
hat contain the TM domains of TgMIC2 and TgMIC12
Dowse et al., 2005). TgROM4 participated in processing
f surface adhesins including TgMIC2, AMA1, and TgMIC3.
uppression of TgROM4 led to decreased release of the
dhesin TgMIC2 into the supernatant (Buguliskis et al.,
010). TgMIC2 is cleaved by TgROM5 after translocation
o the posterior end (Brossier et al., 2005). Shedding of
RAP by a rhomboid protease from the malaria sporozoite
urface was essential for gliding motility and sporozoite
nfectivity (Ejigiri et al., 2012). The activity and substrate
f E. tenella rhomboid had not been reported. In this study,
he bait protein containing the active center of EtROM3 was
hown to interact with EtMIC4 proteins in the yeast two
ybrid and co-immunoprecipitation assays.
Rhomboids are able to recognize and cleave their sub-
trates microneme proteins within their transmembrane
omains. The members of the TRAP family in apicomplexan
pecies are predicted to be rhomboid substrates and have
een shown to be cleaved via intramembranous cleavage at
ite IA↓GG (O’Donnell et al., 2006). Based on sequence anal-
sis of E. tenella MIC  genes from GeneBank, only EtMIC1 and
tMIC4 have the intramembranous cleavage site and were
redicted to be rhomboid substrates (Tomley et al., 2001).
ur results indicated that only EtMIC4 could be cleaved
y EtROM3 in vitro using the yeast two hybrid assay and
estern blot analysis, but EtMIC1 could not. This supportslogy 201 (2014) 146–149 149
the notion that rhomboid functions with different substrate
speciﬁcities (Baker et al., 2006). By using HA and Myc  tags to
separately label EtMIC4 and EtROM3, we further conﬁrmed
their interaction in Hela cells by immunoprecipitation and
Western blot analysis.
In conclusion, E. tenella ROM3 protein interacted with
EtMIC4 protein and may  also be involved in the cleavage of
E. tenella microneme 4.
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